Oxidized low density lipoprotein (oxLDL) induces apoptosis in human macrophages (MF), a significant feature in atherogenesis. We found that induction of apoptosis in MF by oxLDL, C 2 -ceramide, tumor necrosis factor a (TNF-a), and hydrogen peroxide (H 2 O 2 ) was associated with enhanced expression of manganese superoxide dismutase (MnSOD) and p53. Treatment of cells with p53 or MnSOD antisense oligonucleotides prior to stimulation with oxLDL, C 2 -ceramide, TNF-a, or H 2 O 2 caused an inhibition of the expression of the respective protein together with a marked reduction of apoptosis. Exposure to N-acetylcysteine before treatment with oxLDL, C 2 -ceramide, TNF-a, or H 2 O 2 reversed a decrease in cellular glutathione concentrations as well as the enhanced production of p53 and MnSOD mRNA and protein. In apoptotic macrophages of human atherosclerotic plaques, colocalization of MnSOD and p53 immunoreactivity was found. These results indicate that in oxLDL-induced apoptosis, a concomitant induction of p53 and MnSOD is critical, and suggest that it is at least in part due to an enhancement of the sphingomyelin/ ceramide pathway.-Kinscherf, R., Claus, R., Wagner, M., Gehrke, C., Kamencic, H., Hou, D., Nauen, O., Schmiedt, W., Kovacs, G., Pill, J., Metz, J., Deigner, H.-P. Apoptosis caused by oxidized LDL is manganese superoxide dismutase and p53 dependent. FASEB J. 12, 461-467 (1998) 
A HIGH LEVEL of low density lipoprotein (LDL) 2 is a risk factor for atherosclerosis, and it is generally accepted that atherosclerotic lesions are initiated by an enhancement of LDL uptake by monocytes and macrophages (1) . LDL must be modified prior to uptake; detection of oxidatively modified LDL (oxLDL) in atherosclerotic lesions supports a role for this process in vivo (2) . Macrophages (MF) exposed to oxLDL subsequently form foam cells, one of the first stages of atherogenesis (3) .
Oxidized LDL is capable of inducing signal transduction leading to activation of protein kinase C (4) or modulation of transcription factor activities (5, 6) . One feature with potential implications for atherogenesis (7) is the ability of inducing apoptosis (8) (9) (10) . We have recently shown that incubation of human MF with oxLDL results in an increase in the concentration of ceramide (11) , a lipid mediator involved in stress-induced signaling (12, 13) . Ceramide is considered to be an endogenous regulator of apoptosis (13, 14) and is also generated in response to the occupation of the tumor necrosis factor a (TNF-a) receptor (14) . TNF-a, however, is a cytokine released by MF upon exposure to oxLDL (15) and is capable of inducing oxidative stress by the generation of reactive oxygen species (ROS) from mitochondria (16, 17) . Hence, direct or mediated signaling stimulated by oxLDL may involve oxidative stress (18, 19) . Genotoxic stress in general, however, implicates activation of the oncosuppressor gene p53 (20) , and p53 levels have been shown to determine the extent of the apoptotic response of, for example, tumor cells (21) . Although there is some data about p53 in restenotic lesions (22) , no information is available about its role in oxLDL-induced apoptosis.
The aim of this work was to gain insight into stressrelated mechanisms that cause apoptosis in MF exposed to oxLDL. For this purpose, we quantified the extent of apoptosis upon treatment with oxLDL, C 2 -ceramide, TNF-a, or H 2 O 2 and determined the level of p53 and H 2 O 2 -generating mitochondrial manga-nese superoxide dismutase (MnSOD, E.C.1.15.1.1). To study the contribution of p53 and MnSOD to oxLDL-induced apoptosis, experiments were performed using cells pretreated with stable p53 or MnSOD antisense oligonucleotides (AS-ODN). In addition, the presence of p53 and MnSOD immunoreactivity (IR) was examined in lesional apoptotic MF.
METHODS

LDL preparation and cell culture
LDL was isolated (23) and oxidized by exposure to human endothelial cells as described (24) ; oxLDL obtained by this procedure contained 2.2 { 0.5 nmol thiobarbituric acid-reactive substances/mg (LDL concentrations refer to 500 kDa apoB100). Human peripheral blood mononuclear cells from venous blood of healthy volunteers were prepared by FicollPaque (Sigma, Deisenhofen, Germany) density gradient centrifugation, as described by the manufacturer's instructions, and were cultivated in RPMI 1640 supplemented with 10% fetal calf serum, glutamine, and penicillin (100 units/ml)/ streptomycin (100 mg/ml) at 37ЊC in humidified CO 2 (5%) atmosphere for 5 days. Nonadherent cells were removed by washing with supplemented RPMI. Differentiated MF were cultured with lipoprotein-deficient serum (prepared by ultracentrifugation of fetal calf serum, Pú1.21) (23) for 24 h prior to experimentation, then exposed to oxLDL, C 2 -ceramide, H 2 O 2 , or recombinant human TNF-a (Escherichia coli, endotoxin content õ1.25 EU/mg protein, purity ú99%, specific activity 5110 7 U/mg protein, Bender, Wien, Austria) in the same medium. Apoptotic cells, identified by propidium iodide staining (10 mg/ml), were counted under an Olympus BH2 microscope fitted with a mercury light source and epiflourescence assembly, using a computer-assisted morphometry system developed in our group (VIBAM 0.0-VFG1).
Reverse transcription-polymerase chain reaction (RT-PCR) analysis
RNA was extracted from 1 1 10 6 cells by using Trizol LS reagent (Life Technologies, Eggenstein, Germany) according to the manufacturer's specifications. Reverse transcription of RNA was performed with poly dT24 primer and 400 units of SUPERSCRIPT II (Life Technologies) in a 40 ml reaction volume for 2 h at 45ЊC. The enzyme was then inactivated by 10 min incubation at 80ЊC. cDNA (1 ml) was used for PCR analysis in a 20 ml reaction volume containing 10 mM Tris/HCl (pH 8.3), 50 mM KCl, 2 mM MgCl 2 , 0.2 mM each dNTP, 1U Taq DNA polymerase (Boehringer-Mannheim, Mannheim, Germany), and 10 pmol each of forward and reverse primer. Primers for amplification of MnSOD: 5-GGTAGCACCAGCAC-TAGCAG-3 (forward), 5-CTGCAGTACTCTATACCAC-TACA-3 (reverse), generating a 568-base pair (bp) fragment; p53: 5-AACCTACCAG-GGCAGCTACG-3 (forward), 5-TTC-CTCTGTGCG-CCGGTCTC-3 (reverse), generating a 559-bp fragment; bcl-2: 5-CGACGACTTCT-CCCGCCGCTACCGC-3 (forward), 5-CCGCATGCTGGGGCCGTACAGTTCC-3 (reverse). Amplification of part of the b-microglobulin gene was used as a positive control; primers: 5-CTCG-CGCTAC-TCTCTCTTTCT-3 (forward) and 5-TGTCGGATTGATGAA-ACCCAG-3 (reverse). A PCR reaction profile with initial denaturation for 2 min at 94ЊC, followed by 35 (MnSOD) or 44 cycles (p53) of 1 min at 94ЊC, 56ЊC (MnSOD) [58ЊC, p53], and 72ЊC, and a final extension step for 10 min at 72ЊC was performed on Genius thermal cycler (Techne Inc., Cambridge, U.K.); amplification products were separated on a 1.5% agarose gel and stained with ethidium bromide.
AS-ODN treatment
Synthetic phosphorothioate AS-ODN specific for the p53 antisense sequence [5-GTTGGCAAAACATCTTGTTGA-GGGCA-3, codon 129-136 of the human p53 gene (25) , and 5-CCCTGCTCCCCCCTGGCTCC-3 (26)] with documented efficiency on p53 expression were used (all MWG-BIOTECH, Ebersberg, Germany) as well as MnSOD AS-ODN corresponding to the initiation site of MnSOD translation [22-mer: CACGCCGCCCGACACAACATTG (27) ] and the respective control ODNs cited there; MF (3110 6 cells) were treated with the respective AS-ODN for 8 h (all 100 nM), using DOTAP (Boehringer-Mannheim) for lipofection according to the manufacturer's recommendations. Treatment efficiency was checked by MnSOD/p53 Western blotting and RT-PCR.
Immunohistochemistry
Biopsies of human arteriosclerotic carotid artery obtained at surgery were snap-frozen in liquid nitrogen-cooled isopentane. Heritable hyperlipidemic rabbits (Froxfield Farm Ltd., Froxfield, U.K.) housed individually under the same conditions (food and water ad libitum throughout the experiment, 12 h dark-light) were killed by an intravenous overdose of sodium pentobarbital. The animal studies were approved by the Referat Veterinärwesen at the Regierungspräsidium Karlsruhe, Germany. Fragments of the thoracic aortas were snapfrozen in liquid nitrogen-cooled isopentane; 6 mm cross sections were cut on a Microm Microtome, placed on silan precoated microscope slides, and exposed to acetone (10 min; 020ЊC), followed by air-drying (10 min). Nonspecific sites were blocked with 2% swine serum (Life Technologies) in phosphate-buffered saline (10 min). Endogenous peroxidase activity was suppressed with 0.3% H 2 O 2 in phosphate-buffered saline (10 min). For immunostaining of the cryo-cross sections, anti-MnSOD (IgG1, 400 ng/ml) and anti-p53 (IgG2b) antibodies (Ab's) were used; control sections were set up with irrelevant isotype-matched mAb's. Apoptotic cells were detected by 1) the TUNEL technique, using a commercially available in situ cell death detection kit (Boehringer-Mannheim) and 2) polyclonal rabbit anti human c-jun/AP-1 antibodies (Calbiochem, San Diego, Calif.) recognizing a 45 kDa cytoplasmic protein present only in apoptotic cells (28) ; then the immunoenzymatic streptavidin biotinylated horseradish peroxidase complex procedure was used. Staining reaction was performed by adding DAB solution (Pierce, Rockford, Ill.). Nuclei were then counterstained with hematoxylin.
Other procedures
MnSOD activity was determined according to the procedures of Joseph et al. (29) . H 2 O 2 concentration in the medium was determined photometrically by scopoletin oxidation in the presence of horseradish peroxidase (30) . Glutathione (GSH) concentrations were determined as described (31) . Western blotting was performed according to Burnette (32) ; MnSOD (Bender) and p53 (Boehringer-Mannheim) mAb's were used. All statistical procedures were performed using a personal computer version of the SIMSTAT program (Provalis Research); results are presented as means { SEM, statistical significance was determined by the Mann Whitney U-Wilcoxon rank sum W test or the impaired Student's t test; a P value of 0.05 or less was chosen for statistical significance. Percentage of propidium iodide (10 mg/ml) stained cells (partially pretreated with AS-ODN) after incubation with medium, oxLDL (54 mg/ml), C 2 -ceramide (10 mM), TNF-a (3 ng/ml), or H 2 O 2 (100 mM) for 4 h; dihydro-C 2 -ceramide (10 mM) had no effect on cell survival (not shown); similar data were obtained by use of the TUNEL technique.
b 
RESULTS
Apoptosis in MF
To analyze factors of apoptosis induced by oxLDL, human MF were exposed to oxLDL, C 2 -ceramide, TNF-a, or hydrogen peroxide (H 2 O 2 ) and apoptosis was measured after 2 and 4 h of incubation. The number of apoptotic cells after oxLDL treatment increased by twofold after 2 h (data not shown) and by about fivefold after 4 h ( Table 1) . Addition of C 2 -ceramide to the medium was accompanied by a marginal increase of the number of apoptotic cells after 2 h (not shown) and a significant enhancement after 4 h (ca. fivefold of the respective control, Table 1 ). Similar results were obtained when H 2 O 2 was used (three-and approximately fivefold, respectively).
p53 and MnSOD induction
To assess oxLDL-induced alterations of pro-and antiapoptotic factors in MF on a molecular level, p53 and bcl2 mRNA and protein expression were examined upon treatment with C 2 -ceramide, TNF-a, oxLDL, and H 2 O 2 . Because mitochondria play a central role in the induction of apoptosis by an increased production of superoxide anions (33) , an investigation of manganese superoxide dismutase (MnSOD) expression was included in our study. We found that MnSOD protein expression and mRNA production were markedly enhanced after 4 h exposure to oxLDL, C 2 -ceramide, H 2 O 2 , or TNF-a (Fig. 1A, B) . Similar results were obtained when p53 protein and mRNA levels of stimulated cells were analyzed ( Fig.  2A, B) , but under our experimental conditions bcl2 protein and mRNA levels apparently remained unaffected (not shown). The production of H 2 O 2 -induced MnSOD mRNA was minor relative to that obtained after TNF-a or C 2 -ceramide treatment. The expression of the two gene products MnSOD and p53 roughly reflected differences observed at the stage of the respective mRNA levels.
Inhibition of p53 or MnSOD expression and apoptosis
The contribution of p53 and MnSOD induction to oxLDL-induced apoptosis was assessed by the use of specific AS-ODN. After pretreatment with two different p53 AS-ODN, the respective mRNA in MF exposed to oxLDL was apparently absent (Fig. 3B ). An analog result was obtained for MnSOD-mRNA when the MnSOD-specific AS-ODN was used (Fig. 3A) , and the findings were confirmed by a substantial reduction of the respective protein bands as determined by Western blotting (Fig. 3C) . Accordingly, in this experimental setting, apoptosis in response to oxLDL, C 2 -ceramide, TNF-a, and H 2 O 2 in MF pretreated with the respective AS-ODN involved either MnSOD or p53-independent signaling. Pretreatment with p53 AS-ODN was followed by about a 20% reduction in apoptotic cells ( AS-ODN treatment on apoptosis was even more pronounced. When MnSOD expression was inhibited, apoptosis of MF was significantly reduced by about 25%. In further support of the hypothesis that oxLDLmediated effects are attributable to oxidative stress, we observed a 2.3-fold increase of MnSOD activity in the cell lysates and a 5-fold increase of H 2 O 2 concentration in the media of oxLDL-treated cells (average values of two experiments performed in duplicate). MF exposed to oxLDL, C 2 -ceramide, TNF-a, or H 2 O 2 revealed a significant decrease of GSH ( Table 2) ; pretreatment with N-acetylcysteine (NAC), however, prevented the oxLDL, C 2 -ceramide, TNF-a, and H 2 O 2 -mediated decrease of intracellular GSH as well as the induction of apoptosis (Table 2) . Concomitantly, the presence of NAC abolished the induction of p53 and MnSOD by oxLDL and C 2 -ceramide as determined by RT-PCR (not shown).
MnSOD and p53 in lesional MF
To investigate the pathophysiological relevance of our in vitro findings in the context of atherosclerosis in vivo, we explored human atherosclerotic carotid arteries and thoracic aortas of heritable hyperlipidemic (HHL) rabbits. We found a colocalization of MnSOD-and p53-IR in subendothelially localized MF in atherosclerotic lesions of thoracic aortas of HHL rabbits; these MF also showed DNA strand breaks as detected by the TUNEL technique (data not shown). Results obtained with aortas from HHL rabbits could be confirmed with human material: in human atherosclerotic carotid arteries, identical cells exhibited MnSOD-and p53-IR (Fig. 4A, C) . The same cells were apoptotic, as found by staining with antibodies recognizing a 45 kDa cytoplasmic protein (Fig. 4B) , which is detected only in apoptotic cells (28) (Fig. 4A-C) .
DISCUSSION
Oxidized LDL has previously been shown to induce DNA fragmentation and apoptosis in MF (8) (9) (10) . Since the oncosuppressor gene p53 is known to affect apoptosis (34) and p53-IR has been demonstrated in smooth muscle cells of restenotic lesions (35), we reasoned that one factor that can influence cell susceptibility to oxLDL-mediated apoptosis could be the expression of p53 (36) . If DNA is damaged, p53 accumulates and switches off replication to allow extra time for repair; if the repair fails, p53 may trigger cell suicide by apoptosis (34) . In fact, our data show that p53 production is induced by oxLDL. In our study, oxLDL significantly increased the level and activity of mitochondrial MnSOD, an effect that has been shown to occur as a consequence of TNF treatment (37) . An inhibition of either p53 or MnSOD expression resulted in a concomitant reduction of oxLDLmediated apoptosis, indicating that both proteins play a role in the initiation of this process and suggesting that expression of both proteins is induced by common mechanisms. One explanation that is in line with a reported redox regulation of MnSOD (38) and with the corresponding effects of exogenous H 2 O 2 , C 2 -ceramide (12) or TNF (39) is an oxLDLmediated induction of oxidative stress. A correlation of MnSOD and p53 expression has most recently been shown in cancer cells after radiation therapy (40) ; oxidative stress and DNA damage are known to trigger cell susceptibility to wild-type p53-dependent and p53-independent induction of apoptosis (41) . Enhanced MnSOD expression may, in turn, further stimulate H 2 O 2 production and MnSOD expression. Given an insufficient inactivation of H 2 O 2 by consecutive antioxidative systems such as catalase or glutathione, MnSOD could play a pro-oxidative role in producing excess H 2 O 2 , an agent capable of crossing cell and organelle membranes (42) . In support of this interpretation, other groups (43, 44) have demonstrated that a balance of superoxide dismutase and peroxide-removing enzymes is of prime importance in the antioxidant defense.
Oxidative stress in cells is reflected by the intracellular concentration of oxidants such as H 2 O 2 or antioxidants such as GSH (45) . Consistent with our results and the interpretation above, an induction of ROS by modified lipoproteins has been demonstrated; stimulation of the scavenger receptor on MF evokes release of arachidonic acid metabolites and reduced oxygen species (46) . Moreover, a decrease in GSH, a change regarded as an index of oxidative stress (47) , was commonly observed in MF exposed to oxLDL, C 2 -ceramide, TNF-a, or H 2 O 2 , a finding that indicates changes in the intracellular redox status of the cells. Support for a significant role of H 2 O 2 in oxLDL, C 2 -ceramide, or TNF-a-induced apoptosis is provided by the notion that NAC, a cysteine prodrug that maintains intracellular GSH-levels during oxidative stress (48) and is capable of reacting with H 2 O 2 but not with O 2 · 0 (49), prevented apoptosis and significantly inhibited a reduction of GSH levels. The observation that a single dose of exogenous H 2 O 2 is sufficient to induce apoptosis whereas a significant reduction of apoptosis is achieved by inhib-iting a consequence of the exposure to this agent (i.e., enhanced expression of MnSOD) can be explained by assuming that, under our experimental conditions, further and continous H 2 O 2 production (due to an increased MnSOD expression) is critical to the induction of apoptosis. This implies the assumption of an autocatalytical amplification of MnSOD expression by its own product, H 2 O 2 , as soon as a critical concentration level (which may be suppressed by a NAC pretreatment) is achieved.
Besides MnSOD expression (37), TNF-mediated signaling causes sphingomyelin hydrolysis to ceramide (14) , an effect similar to that of oxLDL (11) . Ceramide is a lipid mediator that may function as a biostat (13) and is required in stress-induced apoptosis (12) . Hence, apoptosis caused by exposure to oxLDL, H 2 O 2 , or TNF (50) is likely to involve ceramide-mediated signaling, a hypothesis in accord with the similar effects of these stimuli on p53 and MnSOD.
Jovinge and colleagues (15) have shown that TNF is released in response to oxLDL an effect that may contribute to the observed induction of MnSOD and p53, and thus to apoptosis. However, this sequence of events is likely to operate with prolonged exposure to oxLDL, because we found that treatment with modified lipoprotein markedly enhanced cellular ceramide concentration after 15 min and MnSOD mRNA within 30 min (C. Gehrke and R. Kinscherf, unpublished observations), whereas TNF is liberated mainly within 6 h (15) .
As previously demonstrated, MnSOD-IR was found to be localized exclusively in MF, and not in endothelial cells or smooth muscle cells of hypercholesterolemic rabbits (51) . In the present study, we found a colocalization of MnSOD-and p53-IR in subendothelially localized apoptotic lesional MF in atherosclerotic lesions of thoracic aortas of HHL rabbits, a location where oxidation of LDL is likely to occur (52) . Evidence for a pathophysiological significance of these findings in humans is provided by the fact that p53 and MnSOD-IR are colocalized in apoptotic MF of human atherosclerotic carotid arteries. Together, our data show for the first time that oxLDL induces p53 as well as MnSOD expression in MF, and indicate a link between these observations and oxLDL-induced apoptosis. In line with Rosenfeld's (18) suggestion proposing a common intracellular signal transduction pathway in atherogenesis that is responsive to oxidative mechanisms, the results are rationalized by assuming that oxidative stress implicating MnSOD and p53 induction as well as ceramide-dependent signaling is a common cause of oxLDL, H 2 O 2 , or TNF-induced apoptosis in MF.
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